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In this paper a theoretical study of the effect of the direction of the incident light on the quantum 
efficiency of homogeneous HgCdTe photodiodes suitable for sensing infrared radiation in the 
8-12 fim atmospheric window is presented. The probability of an excess minority carrier to 
reach the junction is derived as a function of its distance from the edge of the depletion region. 

Accordingly, the quantum efficiency of photodiodes is presented for two geometries. In the first, 
the light is introduced directly to the area in which it is absorbed (opaque region), while in the 
second, the light passes through a transparent region before it reaches the opaque region. 

Finally, the performance of the two types of diodes is analyzed with the objective of finding the 
optimal width of the absorption area. The quantum efficiency depends strongly on the way in 
which the light is introduced. The structure in which the radiation is absorbed following its 
crossing the transparent region is associated with both higher quantum efficiency and 
homogeneity. In addition, for absorption region widths higher than a certain minimum the 
quantum efficiency in this case is insensitive to the width of the absorption region. 


I. INTRODUCTION 

The present technology of choice for present and fu- 
ture infrared imaging systems is photovoltaic linear arrays 
and two-dimensional matrices, which can be coupled with 
a Si signal processor in the focal plane. The extensive in- 
terest in thin films of HgCdTe (either grown on a semi- 
insulating transparent substrate or thinned from bulk ma- 
terial) is associated with the possibility of illuminating the 
diodes from one side, and connecting the signal processor 
on the other side. 

For the sake of simplicity we shall consider here only 
diodes in which the photocurrent is dominated by the con- 
tribution of photons absorbed only in one side of the diode. 
This is frequently the case that occurs when the diffusion 
length in one side of the junction is very short, or when one 
of the sides is either based on a wide-band-gap material or 
is too thin to absorb a significant number of photons. 
Hence, the photodiodes considered here are based on two 
different quasineutral regions — a transparent region and an 
opaque region in which the light is absorbed. 

Theoretical and technological considerations usually 
dictate whether to realize frontside-illuminated diodes with 
a backside signal processor, or backside-illuminated diodes 
with a frontside signal processor. However, the analysis 
shows that the crucial parameter determining the quantum 
efficiency is the distance of the absorption site from the 
edge of the depletion region, rather than the side of Illumi- 
nation. 

Our investigation will focus on two structures shown 
in Fig. 1. In the first one, presented in Fig. 1(a), the light 
reaches the transparent side first (TSF), passes through it 
and through the depletion region and then is absorbed in 
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the opaque side. In the second structure [Fig. 1(b)], the 
light reaches the opaque side first (OSF), is partly ab- 
sorbed there, and only then passes through the depletion 
region and reaches the transparent side. 

Most of the present HgCdTe photodiodes fabricated 
for the purpose of thermal imaging are included within the 
above two categories as, for example, the following. 

Ion-implanted n + p photodiodes fabricated on a thin 
HgCdTe film: due to the small thickness of the implanted 
region and to the low-minority-carrier lifetime there, 
the contribution of the n + side to the photocurrent is neg- 
ligible. As demonstrated by Fig. 1, backside illumination is 
associated with the OSF configuration, while the frontside 
illumination is associated with the TSF configuration. 

Pn or Np diodes realized on heterostructures: usually a 
structure of a thin narrow-band-gap material layer between 
a thin wide-band-gap material layer and a semi -insula ting 
transparent substrate. In the case of a one-dimensional ar- 
ray the light can be introduced from either sides of the 
diodes, while in the case of two-dimensional arrays the 
light is usually introduced through the semi -insulating sub- 
strate (OSF configuration). Regardless of the direction of 
the illumination, photons with longer wavelengths are ab- 
sorbed in the narrow-band-gap material only. 

Hg-diffused diodes: realized by diffusing Hg into a 
ueavily doped /?-type material, forming a thin n-type area. 
Due to the short minority-carrier lifetime in the p side, the 
photocurrent is dominated by the contribution of the light 
absorbed in the n side. The Hg-diffused diodes are usually 
illuminated through the n side (therefore, OSF). In the 
case of a thin epitaxially grown p layer the diodes can be 
illuminated from the opposite side as well (TSF). 

In this paper we present a theoretical study of the 
quantum efficiency of photodiodes fabricated on homoge- 
neous thin films, to determine which of the two geometries 
renders higher quantum efficiency. Other figures of merit. 


© J. Appl. Phys. 72 (7), 1 October 1992. Reprinted, with permission, from American Institute ot Physics. 


163 



Transparent Opaque 

Region Region 


(bl 



Transparent Opaque 

Region Region 


FIG. 1. The two geometrical instances of illumination: (a) the transpar- 
ent side first (TSF) case, and (b) the opaque side first (OSF) case. 


such as noise equivalent temperature difference (NETD) 
and D% are proportional to the quantum efficiency. For 
instance, in the case of background limited- in -performance 
(BLIP) operation, Z>f is given by 
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where i? is the responsivity of the photodiode, I d and I k 
present the dark current and photocurrent, A d is the detec- 
tor’s optical area, and N 0 is the photon flux. q,h f and c are 
constant with their regular meaning, r) (A) and 77 av repre- 
sent the quantum efficiency at wavelength X and the aver- 
age quantum efficiency in the relevant spectral region. 

The effect of the structure of the device on the quan- 
tum efficiency, and the correlation between the quantum 
efficiency and other figures of merit of the photodiodes, 
have led to the publication of many works in the literature, 
van der Wiele 1 solved the one-dimensional diffusion equa- 
tion in silicon, and presented the quantum efficiency asso- 
ciated with both frontside and backside illuminations. 
More recently, Rogalsky and Rutkowsky 2 used the above- 
mentioned equations, and analyzed the quantum efficiency 
of a PbSnTe one-dimensional diode. Other interesting 
works are those by Shappir and Kolodny, 3 Levy, 
Schacham, and Kidron, 4,5 and Briggs 6 who, based on nu- 
merical and analytical approaches, presented computer so- 
lutions for the two-dimensional and three-dimensional 


cases. 

Most of the published works do not deal with HgCdTe 
in particular, and therefore rightly ignore the asymmetrical 
structure which characterize the HgCdTe diodes. Their 
published analytical equations, for both frontside or back- 
side cases, are rather complicated and therefore the geo- 
metrical dependence is concealed. In addition, the wave- 
length dependence of the absorption coefficient is usually 
ignored. Levy and co-workers 4,5 did not ignore both the 


wavelength dependence of the absorption coemcieni anu 
the geometrical effects; however, their approach, based on 
two-dimensional Fourier series, totally concealed the geo- 
metrical dependence of the quantum efficiency. 

One of the objectives of the theoretical study presented 
here is to emphasize the geometrical dependence of the 
quantum efficiency in homogeneous photodiodes and to 
determine whether the OSF or TSF illumination is prefer- 
able. We therefore present in Sec. II a one-dimensional 
analytical equation which describes the probability of the 
minority carriers generated at a known distance from the 
edge of the depletion region, to reach the junction and to 
participate in the photocurrent. We show that this proba- 
bility depends strongly on the distance of the absorption 
site from the edge of the depletion region, and emphasize 
the importance of absorption close to the junction. In Sec. 
Ill we use the above-calculated probability, and Plank’s 
radiation law, and compute the quantum efficiency of OSF 
and TSF HgCdTe photodiodes in the 8-12 /xm region. In 
Sec, IV we demonstrate the superiority of the TSF geom- 
etry by presenting an example based on two HgCdTe pho- 
todiodes. 

Our study does not take into account effects caused by 
variation in composition or doping which sometimes occur 
close to the junction. Thin layers grown by liquid-phase 
epitaxy and more recently by molecular-beam epitaxy 
(MBE) or metalorganic chemical-vapor deposition 
(MOCVD) have composition variation throughout the 
layer. The resulting electric field accelerates minority car- 
riers toward the junction, regardless of the direction of the 
illumination, and therefore yields higher quantum efficien- 
cies in both OSF and TSF photodiodes. The gradient in 
composition results in variations of the absorption coeffi- 
cient, band gap, intrinsic concentration, and other material 
parameters, and therefore the complex diffusion equations 
that yield the quantum efficiency can only be solved using 
numerical methods. Hence, the study of the quantum effi- 
ciency in nonhomogeneous photodiodes is performed sep- 
arately and will be published elsewhere. 

Even though it is shown that the TSF configuration is 
preferable for photodiodes fabricated on homogeneous ma- 
terial, frequently technological considerations rather than 
fundamental physical principles dictate the use of the OSF 
configuration. One of the important technological limita- 
tions is that caused by the metal layer which can shield a 
significant fraction of the incoming light. This limitation, 
which is usually associated with frontside illumination, can 
place another limit on the quantum efficiency of both OSF 
and TSF photodiodes. Consequently, both the TSF and 
OSF structures are fully analyzed in this paper. The max- 
imal quantum efficiencies as well as the optimal thickness 
of the absorption volumes, in terms of diffusion lengths, 
surface recombination velocities, and absorption coeffi- 
cients, are presented. 

il. QUANTUM EFFICIENCY AS A FUNCTION OF 
ABSORPTION DEPTH 

In this section the probability of a minority carrier 
generated at a distance X Q from the junction to reach the 
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FIG. 2. A photodiode in which the light is uniformly absorbed at a 
distance of X$<X <X x from the edge of the depletion region. 


junction is calculated. This probability is equal to the quan- 
tum efficiency associated with photons absorbed at the 
same distance. 

Our assumptions are that both the length and the 
width of the diode are larger than the diffusion length and 
therefore the one-dimensional treatment is valid . 5 We also 
assume low injection conditions, an abrupt junction, a very 
thin depletion layer, a constant minority-carrier lifetime 
and a constant dopant concentration along the quasineu- 
tral regions. 

Let us consider the diode of Fig. 2. Assume that some- 
how the light is uniformly absorbed only in a narrow n- 
type volume Aj (X^Xq) at a distance X Q <X<X x from 
the edge of the depletion region. In order to calculate the 
resulting photocurrent, the steady state of the minority- 
carrier distribution close to the junction must be found, 
and therefore the continuity equations for the three regions 
must be solved, 


» 2 '* s ^ 
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( 2 b) 


x l <x<d„, 

( 2 c) 

where p l9 p 2t and p 3 are 

the minority-carrier concentra- 


tions. d m D p and r p represent the width of the neutral 
region and the minority-carrier diffusion coefficient and 
lifetime, respectively. The uniform optical generation rate 
is given by G l =Nq/(X { — X 0 ) t where N 0 is the induced 
photon flux. 

The boundary conditions for the problem are 
“ 2 dp 3 \ -S. 
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where S n is the surface recombination velocity. Solving the 
problem for the short-circuit condition, one obtains for the 
first zone 


pl(x) =2A cosh {x/L p ), (4) 

N 0 L) ietJh-Ke-Wh-fJh+Ke-*^ 

A D p {l+K) [ (X { -X 0 ) J* 

p=S„L p /D p , 

where L p is the diffusion length of the minority carriers, 
given by L p = ( D p r p ) in . Knowing p x ( x ) the diffusion pho- 
tocurrent can be obtained by 

dpi 

- n 
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The term in the large parentheses represents the frac- 
tion of holes that is collected by the junction, and forms the 
photocurrent. This fraction can be treated as the quantum 
efficiency of the diode, while illuminated in the way shown 
in Fig. 2. Rewriting the quantum efficiency as 


fe Xo'h-Ke-Xo/h-e x di P+Ke -Xy/L p . 

( (l+kHX t -X 0 )/L, , 
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we finally obtain 


(7) 


T?'(Xo) = (« x</h+Ke- x</L p) ' (8) 

where 77 ' represents the density of the quantum efficiency 
of holes generated at a distance X 0 from the edge of the 
depletion region. It should be emphasized that this quan- 
tum efficiency depends on three parameters only: the car- 
rier’s initial distance from the depletion region X& the pa- 
rameter p t and the width of the neutral region d„ . It does 
not depend on the way in which the light is introduced, or 
on optical parameters such as the absorption coefficient 
and the photon’s energy. 
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FIG. 3. The quantum efficiency t }' given by Eq. (8) as a function of the 
carrier’s initial distance from the junction, with the surface quality as a 
parameter. 


Figure 3 presents the quantum efficiency rj’ given by 
Eq. (8) as a function of the distance from the depletion 
region, with the surface quality as a parameter. It is clearly 
seen that for all surface conditions, the quantum efficiency 
dramatically decreases as X Q increases. Since the distribu- 


tion of the absorbed photons (and therefore the generated 
carriers) strongly depends on the way in which the light is 
introduced, we expect the overall quantum efficiency to be 
completely different in each configuration. Hence, the pre- 
ferred side for illumination is the side which is associated 
with a higher number of photons absorbed close to the 
junction. 

111. THE OVERALL QUANTUM EFFICIENCIES FOR TSF 
AND OSF CONFIGURATIONS 

Let us assume that the photodiodes of Fig. 1 are illu- 
minated with monochromatic photon flux either from their 
transparent side (a) or from their opaque side (b). Let us 
further assume that the reflected photon fiux in both ge- 
ometries is negligible. The generation function due to 
monochromatic photon fiux N 0l with wavelength A, is 
given in the TSF case by 

G L (XM=aa)N 0 e~ aWX , (9) 

where a (A) is the absorption coefficient. Similarly, in the 
OSF configuration the generation function G L is given by 

G l (XJ.) =a(A)N 0 e aWiX ~ d -\ ( 10) 

where d n is the width of the quasineutral region. 

Since the continuity equation is a linear one, Eqs. (9) 
and (10) can be used to calculate the quantum efficiencies 
associated with monochromatic photon flux. For the TSF 
photodiode the quantum efficiency 77 is given by 
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Equations (11) and (12), which present the quantum 
efficiency in terms of surface conditions, dimensions, and 
absorption coefficients, are widely known and used in the 
literature; 1,7,8 however, they give the quantum efficiency 
associated with the uncommon case of monochromatic 
photon flux. HgCdTe photodiodes packaged in infrared 
imaging systems are usually exposed to radiation emitted 
from bodies with temperatures of about 300 K. Hence, the 
flux is usually composed of photons of different wave- 
lengths as described by Plank’s radiation law. Therefore, 
the relevant quantum efficiency for both the OSF and the 
TSF cases should be obtained by integrating the relative 


contributions of all photons. While doing so, the depen- 
dence of the absorption coefficient on the photons’ wave- 
length should be taken into account (see the Appendix). 
Hence, 
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FIG. 4. The quantum efficiency of TSF illuminated Hg^Cd^Te photo- 
diode vs the thickness of the n-type layer with the diffusion length of the 
holes as a parameter. The bulk composition is x=0.22l, the hole mobility 
coefficient is fi p — 1000 cm 3 /V S (Ref. 16) and the surface recombination 
velocity is S*= 0. 


where tjtc 5 and t/os F are given by Eqs. (11) and ( 12), A on 
and A off are the system’s cut-on and cut-off wavelengths, 
7i(A,r) (photons/cm 2 s pm) is the spectral radiant photon 
emittance of the target as given by Planck’s radiation law, 9 
and T is the temperature of the target. 

IV. RESULTS 

Technological considerations rather than fundamental 
physical principles usually dictate the fabrication of pho- 
todiodes based on p-type material, although the longer life- 
time of the minority carriers in the n-type material makes 
it preferable for infrared sensing. However, since our ob- 
jective is to emphasize the physical and geometrical prin- 
ciples, here we disregard the technological obstacles by 
assuming that the substrate is a high-quality n-type mate- 
rial. This high-quality material is characterized by high 
values of both mobility and lifetime of the minority carri- 
ers. In addition, we assume in our two example photo- 
diodes excellent surface recombination velocities in both 
diodes, which yield electrical reflecting conditions for the 
holes. Hence, the two above-mentioned photodiodes differ 
only in the direction of illumination. 

Figures 4 and 5 show the quantum efficiencies obtained 
in the two configurations as calculated from Eqs. (13) and 
(14). Both figures show the quantum efficiency versus the 
width of the absorption volume with the diffusion length of 
the minority carriers as a parameter. The hole mobility 
coefficient was assumed to be \i p — 1000 cm 2 /V S (Ref. 10) 
and the surface recombination velocity was assumed to be 
very low (5 /1 =0). The hole lifetime varies from 38 nS up 
to 2 pS which yields minority diffusion lengths from 5 up 
to 35 p m. We chose Hg^^Cd^Te with x =0.221 which 
yields a reasonable value for the cut-off wavelength (11 



FIG. 5. The same as Fig. 4 for the OSF configuration. 

pm) for a hole lifetime of 100 nS, at 77 K. n Consequently, 
and A off were taken to be 8 and 1 1 pm, respectively. 
The superiority of the TSF photodiode in the case of 
reflecting surface conditions is clearly seen. To begin with, 
the quantum efficiency obtained for the TSF photodiode is 
always larger than that obtained for the OSF photodiode. 
In the case of the material with a minority-carrier diffusion 
length of 35 pm, the maximal quantum efficiencies ob- 
tained are 92% and 87%, for the TSF and OSF configu- 
ration, respectively. For materials with shorter diffusion 
lengths the relative difference between the two configura- 
tions is even more significant. For example, in the case 
where L p = 5 pm, the maximal values of the quantum effi- 
ciencies were 54% and 48%, for the TSF and OSF config- 
urations, respectively. 

In addition to the differences in the values of the quan- 
tum efficiency, the difference in the sensitivity of the two 
photodiodes to the width of the n-type layer is obviously 
noticed. It is clearly seen that in the case of the OSF con- 
figuration there is an “optimal” thickness of the n-type 
layer for each value of the diffusion length. It is also clearly 
seen that the quantum efficiency is rapidly degrading as the 
n-type layer thickness deviates from its optimal value; 
however, in the case of the TSF configuration the quantum 
efficiency reaches a saturation value which is very close to 
the maximal value. Therefore, the term “optimal thick- 
ness” of the n-type layer, used in the OSF illuminated 
diode, is not valid, and the term “minimal thickness” 
should be applied. 

The strong dependence of the quantum efficiency on 
the width of the absorption region, as it exists in OSF 
illuminated photodiodes, is a serious limitation, since the 
width of the n-type region can vary along an array of pho- 
todiodes. This results in a severe nonbomogeneity in the 
quantum efficiencies and in the performance of the photo- 
diodes. This yields a significant degradation in the system s 
figures of merit, such as NET. 12,1 * 

Excellent surface conditions in HgCdTe are not easily 
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FIG. 6. The same as Fig. 4 but S„= 10* cm/s. 


achieved. 14 Most of the published data concerning the sur- 
face recombination velocity in /i-type material is related to 
photoconductors. Since the photoconductors require accu- 
mulation conditions, the reported data is of no value to 
Hgi.^CdjTe photodiodes with xs*0.2, which require a 
weak depletion condition. 15 Hence, we chose the surface 
recombination velocity in our example diodes to be 10 4 
cm/S, which is a practical value for /?-type material. 16 

Figures 6 and 7 show the quantum efficiencies obtained 
for 5 , ^=10 4 cm/s in the two configurations. Once again, 
the superiority of the TSF configuration (in terms of high 
quantum efficiency and homogeneity) is seen very clearly. 
In addition to the two above-mentioned advantages of the 
TSF configuration, Figs. 4-1 demonstrate a third one: The 
TSF illuminated diodes reach a saturation value, and 




FIG. 8. The maximal quantum efficiency obtained for the OSF case with 
0 « a parameter, and the saturation value of the quantum efficiency 
obtained for the TSF case. 

therefore are less sensitive to the surface recombination 
velocity in the edge of the /i-type layer. 

Figure 8 shows the maximal quantum efficiency ob- 
tained for the OSF configuration with as a parameter, as 
well as the saturation value of the quantum efficiency ob- 
tained for the TSF case (which is close to the maximal 
value). It should be noted, however, that the surface re- 
combination velocity S n is not constant along the horizon- 
tal axis since the diffusion length is changing, and S n 
= p/L p ) t as indicated by Eq. (4). Figure 8 
demonstrates clearly the two advantages of the TSF illu- 
mination case: For the same quality of the material (i.e., 
the same diffusion length) the quantum efficiency associ- 
ated with the TSF case is always higher than that associ- 
ated with the OSF case, and does not depend upon the 
surface condition. 

Figure 9 shows the optimal thickness of the n-type 
layer versus the hole diffusion length with P—0 t for both 
TSF and OSF cases. It should be mentioned that in the 
OSF case, the width drawn in Fig. 9 is the optimal width, 
and the quantum efficiency rapidly degrades when a differ- 
ent width is applied. In the TSF case, however, the plotted 
width is the minimal width, and the associated quantum 
efficiency remains constant for values higher than the min- 
imum. 

Figure 9 indicates an additional advantage of the TSF 
case. For the same diffusion length the thickness of the 
optimal absorption region associated with the TSF config- 
uration is smaller than that associated with the OSF con- 
figuration; hence, there is less diffusion leakage current in 
the TSF diode. 

V. SUMMARY 

We have presented a theoretical study of the quantum 
efficiency of HgCdTe photodiodes fabricated on thin films, 
with the objective to emphasize the geometrical depen- 


FIG. 7. The same as Fig. 6 For the OSF configuration. 
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FIG. 9. The thickness of the «-type layer (for which the maximal quan- 
tum efficiencies are obtained), vs the diffusion lengths of the holes. This 
thickness is the minimal thickness in the TSF case, and the optimal thick- 
ness in the OSF case. 

dence of the quantum efficiency and to determine whether 
the OSF or TSF configuration is preferable. In particular, 
we calculated the probability of a carrier to be collected at 
the junction as a function of its initial distance from the 
edge of the depletion region. Using the above probability 
function, we pointed out the importance of inducing ab- 
sorption close to the junction and suggested that the light 
should be absorbed after it passes through the transparent 
region (TSF). Following that, we have calculated the 
quantum efficiencies for both TSF and OSF illuminated 
diodes, and showed that the quantum efficiencies associ- 
ated with the TSF configuration are always higher than 
those associated with the OSF configuration. In addition, 
we pointed out the difference in the sensitivity to the thick- 
ness of the absorption region. Our calculations show that 
the quantum efficiency in the OSF instance is dramatically 
degraded when the absorption thickness differs from the 
optimal one. We have also shown that, in the TSF case, the 
quantum efficiency reaches a saturation value, and there- 
fore does not depend on the thickness of the absorption 
region. Our final conclusion is that the TSF illuminated 
diodes are much superior sensors for IR thermal imaging. 
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APPENDIX 

The absorption coefficient in semiconductor materials 
such as HgCdTe is given for energies higher than the band 
gap by 


where E is the energy of the photon, E g is the band gap, 
and y is a coefficient that depends on the material and 
temperature only. Radiation is absorbed also at energies 
lower than the band gap, a process known as the Urbach 
tail. 17 The absorption coefficient associated with the Ur- 
bach tail in HgCdTe is given by 18 

a{x,r^)=o 0 e>" (r - i y /ff > 1 (A2) 

where x is the composition, T is the temperature, E is the 
energy of the photon, and (Xq, a , W> and E 0 are fitting 
parameters. Finkman and Schacham 19 measured the ab- 
sorption coefficient over the temperature range 80 K <7 
< 300 K and obtained 

E=hc/k (eV), 

a 0 =exp(53.61x— 18.88) (cm -1 ), 

<7= 3.267 X 1G 4 ( 1 +x) (K/eV), 

JF=81.9+r (K), 

E 0 = 1.838^-0.3424+0. 148* 4 (eV). 

In a previous work 20 an expression for y was derived, 
based on the assumption that the absorption coefficient and 
its derivative are continuous. Hence, 

y= (2oe/W) l/2 aQ eW £ ir-*b )/ff 'l f (A3) 

where e is the base of the natural logarithm. 
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